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Introduction
Power converters require the use of passive components, especially inductors. These components occupy a large area and their integration is still a major challenge in low power converters where small and/or low profile systems are expected [1] . It is well known that passive components size depends on the switching frequency of the electrical waveforms. Sufficiently high switching frequency (>100 MHz) enables the decrease in the inductor size to few square millimeters [2] - [3] . It also allows increasing the dynamic response of the converter. Some solutions have been proposed [4] to manufacture such smallsize inductors. The use of a magnetic material core presents several advantages. In particular, it allows an increase in inductance value compared to a coreless approach. Therefore, a higher inductance value per square millimeter is achieved. ElectroMagnetic Interferences (EMI) are also reduced since the magnetic flux is constrained close to the magnetic circuit. However, proper thermal management becomes critical as the power density increases. Moreover, the properties of the magnetic material are affected by the temperature rise. Thus, it will influence the inductor performances. Therefore it would be useful to design a component with a higher operating temperature capability [5] and to evaluate its performances over a wide temperature range. This paper is organized as follows: First the fabrication process of the planar inductor is detailed. This process is based on a cost effective electroplating technique, well suited to mass manufacturing. Then, characterizations of the inductor materials (copper and YIG) as a function of the temperature are presented. In the last section, the fabricated inductors are tested and the results are detailed.
Fabrication process
The fabrication process of the inductor is based on the electroplating of planar copper windings [6] . This technique is well adapted to the deposition of thick copper conductors offering a lower DC resistance and a higher current capability. Electroplating current density can be used to adjust the trade-off between deposition rate and electroplated copper quality. A good trade-off is obtained with a current density fixed at 10 mA.cm −2 . In this condition, the deposition rate reaches 14 µm/hour. The test bench is shown in figure 1(a) . A pure copper electrode is placed beneath the sample. Both are immersed in the plating bath (CuSO 4 − 5H 2 O). A Source Measure Unit (SMU) is used to adjust the current and voltage between the electrodes. A previous study [7] has shown that placing the electrodes horizontally improves the uniformity of the electroplated copper. The fabrication process is composed of 8 steps which are briefly described as follows:
• 500 µm diameter holes are drilled in a thick (1 mm) magnetic layer (YIG). These holes line up with the inductor terminals.
• The holes are then filled with copper ( figure 1(b)-a) and the excess of copper is polished to achieve a flat surface. Table I summarizes the main geometrical characteristics of this inductor. The materials used in this process will be detailed and characterized in the next section. 
Materials characteristics Conductors materials
The electrical and magnetic performances of the inductor are mainly influenced by the behavior of the materials used during the fabrication process. Table II shows the main characteristics of both metals used for conductors (copper and titanium). We can observe that their melting temperature is far above the targeted operating temperature. Under such conditions and even if resistance increases with temperature, windings can be used up to 200°C. Thermo-mechanical stress may be forecast but the issue is out of the scope of this paper. The resistivity of electroplated copper is computed from conductor resistance measurements. An Agilent B1505A analyzer is used to perform these measurements. A dedicated pattern is processed as depicted in figure. 3. Electroplated copper resistivity is evaluated at 2.04.10 −8 Ω.m which seems in good agreement with literature (Table II) . It indicates the good quality of the electroplated copper compared to pure copper. 
Magnetic material
The magnetic properties of magnetic materials change as the temperature increases [9] . Moreover the magnetic material plays an important role in the performance of the inductor. Any change in its properties modifies the performance of the inductor. In our application, a microwave ferrite magnetic material, YIG (Yittrium Iron Garnet) is used [10] . The geometrical characteristics of the toroidal core used are presented in table III. Both hysteresis loop and complex permeability are studied below. The saturation flux density of YIG is evaluated. Figure 4 (a) describes the test bench used to plot B-H loops from 30°C to 275°C. A wound-toroidal core of YIG is placed in a forced-convection oven. The magnetic flux density (B) and the magnetic field (H) are computed measuring the current in the primary side and the corresponding induced voltage on the secondary side as follows :
N 1 and N 2 are the number of turns on the primary and secondary side respectively. L avg and S are the effective magnetic path length and the cross-section of the core respectively. Results are illustrated in figure 4(b) . Starting at 0.25 T at 25°C, the saturation flux density drops to 0.15 T at 200°C and the Curie temperature is estimated at 275°C. Despite the saturation flux density decrease, a magnetic behavior is still observed. This change must be taken into account in the inductor design in order to avoid the saturation of the magnetic core.
• Complex permeability measurements
Complex permeability is computed from measured impedance values (Z S ) as depicted in equation 2. An HP4294A impedance analyzer is used to perform these measurements. Geometric characteristics of the core are presented in table III.
The complex permeability is measured at ambient temperature with a dedicated magnetic material test fixture (ref. Agilent 16454A) . Results obtained at 25°C are shown in figure 5(a) . The real part of the complex permeability, µ', is used as a reference measurement to validate the characterization test bench dedicated to temperature analysis (described below). µ' is quite constant and is equal to 150 in the 10 kHz to 3 MHz frequency range. Despite a permeability decrease above 3 MHz, µ' maintains a significant value up to 100 MHz. It is concluded that this magnetic material (YIG) retains its magnetic properties over a large frequency range. In order to evaluate the permeability change with temperature, the dedicated magnetic test fixture (16454A) is substituted by a high temperature test board. This board is composed by a high temperature printed copper board, windings and SMA connectors as shown in figure 6 (a). Magnetic core is heated up using a hot air flow as shown in figure 6 (a). The SMA connector is maintained at room temperature and connected to the impedance analyzer. A K-type thermocouple is used to measure the core temperature. Test fixture setup is performed in order to take into account the test board parasitics. This compensation procedure is achieved using identical circuits with open and short-circuit configurations without magnetic core ( figure 6(b) ). Figure 5 (b) shows the comparison between the permeability computed with this test bench at 25°C and the one obtained previously with the 16454A test fixture. It is difficult to measure the real part of the permeability of this material because this value is quite low. It implies that the impedance of the device under test (core and windings) is comparable to the board parasitics. It could explain why a difference can be noted in the real part of the permeability in figure 5(b) . However, the behavior of the permeability is well represented up to 40 MHz. In both cases, the real part of the permeability is quite constant up to 3 MHz and decreases afterwards. It is concluded that this board can be used to evaluate the temperature effect on the permeability change. Figure 7 (a) shows the temperature dependance of the real part of the complex permeability (µ'). At low frequency, we can observe an increase in µ' up to 230°C, followed by a drop. Figure 7 (b) shows the variation of the permeability with temperature at 100 kHz. µ R ' quadruples in the 20°C to 230°C temperature range. A significant decrease is observed beyond 230°C. Then it reaches 54 at 260°C. Regarding figure 7(b), Curie temperature can be estimated nearly to 270°C.
(a) (b) µ R ' change @100 kHz Figure 7 : Permeability characterization as function of temperature
Inductor characterization
As shown in the previous part, measurements show that material characteristics are affected by the temperature. However they are still usable, although with derated performances, at 200°C. This part will present the global inductor behavior with temperature increase.
Test bench description and validation
Inductance measurements with a probe as depicted in figure 8(a) are only possible at ambient temperature.
A dedicated test board is required in order to evaluate the influence of the temperature on the inductance value and to keep the probe away from the heat source. The micro-inductor under test is bonded on high temperature printed copper board as shown in figure 8(b). As described before, the inductor under test is heated using a hot air flow. Two similar boards are used to de-embed the board parasitics. This test bench and the measurement protocol (including compensation of parasitics) are evaluated using a coreless inductor with identical geometric characteristics (Table I ). This test allows comparing both measurements (probe and board) with the analytical calculation from Wheeler's formula (equation 3) [11] . As depicted in figure 9 , both measurements match the theoretical results up to 10 MHz and validate the test bench. 
Results and discussion
Measurements are carried out on an inductor with a single magnetic layer as well as on an inductor with double magnetic material layers as depicted in figure 2 . The DC resistance is measured (180 mΩ) using the test bench described in figure 3 . The impedance measurements are performed from 10 kHz to 110 MHz using the HP4294A impedance analyzer. Figure 10 depicts the inductance variation over the frequency range. The inductance value is three times higher with 2 magnetic material layers compared to a single magnetic layer. The inductance value decrease starts at 2-3 MHz. This trend is consistent with the evolution of the real part of the complex permeability in figure 5(a) . Figure 11 (a) represents the behavior of the inductor in the frequency range studied for different temperatures (23°C to 260°C). According to the permeability change observed in figure 7 (a), the inductance value is more affected in low frequency range. Assuming that the temperature is below the Curie temperature of the magnetic material, the inductance value remains constant with temperature beyond 1 MHz. Figure 11 (b) represents the inductance value change with temperature at 100 kHz. The inductance value doubles as the temperature increases from 23°C to 230°C. Above 230°C, the inductance value drops in compliance with the permeability variation of the magnetic material. As a consequence, and even if the inductor can be used up to 230°C, its operating temperature should be limited below 200°C to provide some safety margins. Furthermore, self-heating could also cause a temperature rise of the magnetic core which must be taken into account in the converter design. 
Conclusion
The fabrication process of micro-inductors were presented. Materials were chosen with respect to their electrical and thermal characteristics in order to withstand high temperature operating conditions (200°C). Test benches were described for the characterization of both materials and inductors. All characterizations have been performed from 25°C to 260°C. These tests highlight the influence of the magnetic material on the inductor performances. Future works consist of testing the micro-inductors in DC-DC converters in order to evaluate DC current bias and temperature effects.
